KM. Imbalance of neocortical excitation and inhibition and altered UP states reflect network hyperexcitability in the mouse model of Fragile X Syndrome. . Despite the pronounced neurological deficits associated with mental retardation and autism, it is unknown if altered neocortical circuit function occurs in these prevalent disorders. Here we demonstrate specific alterations in local synaptic connections, membrane excitability, and circuit activity of defined neuron types in sensory neocortex of the mouse model of Fragile X Syndrome-the Fmr1 knockout (KO). Overall, these alterations result in hyperexcitability of neocortical circuits in the Fmr1 KO. Specifically, we observe a substantial deficit in local excitatory drive (ϳ50%) targeting fast-spiking (FS) inhibitory neurons in layer 4 of somatosensory, barrel cortex. This persists until at least 4 wk of age suggesting it may be permanent. In contrast, monosynaptic GABAergic synaptic transmission was unaffected. Overall, these changes indicate that local feedback inhibition in neocortical layer 4 is severely impaired in the Fmr1 KO mouse. An increase in the intrinsic membrane excitability of excitatory neurons may further contribute to hyperexcitability of cortical networks. In support of this idea, persistent neocortical circuit activity, or UP states, elicited by thalamic stimulation was longer in duration in the Fmr1 KO mouse. In addition, network inhibition during the UP state was less synchronous, including a 14% decrease in synchrony in the gamma frequency range (30 -80 Hz). These circuit changes may be involved in sensory stimulus hypersensitivity, epilepsy, and cognitive impairment associated with Fragile X and autism.
I N T R O D U C T I O N
Fragile X syndrome (FXS), the most common form of inherited mental retardation, is caused by loss of function mutations in FMR1 that encodes the RNA binding protein, FMRP (O'Donnell and Warren 2002; Verkerk et al. 1991) . Thirty percent of children with FXS are diagnosed with autism and 2-5% of autistic children have FXS, making Fmr1 one of the leading genetic causes of autism (Hagerman et al. 2005; Kaufmann et al. 2004) . FXS patients present with a wide range of behavioral and physiological symptoms including cognitive impairment, hypersensitivity to sensory stimuli, epilepsy, and characteristics of autism (Hagerman 2002; Miller et al. 1999) . These impairments are reproduced in the FXS mouse model, the Fmr1 knockout (KO) mouse (Bakker 1994; Brennan et al. 2006; Musumeci et al. 2000; Nielsen et al. 2002; Spencer et al. 2005) .
It is commonly hypothesized that altered neocortical function mediates the cognitive and behavioral deficits in mental retardation and autism. In support of this idea, cellular and synaptic alterations have been observed in neocortex in FXS patients and in Fmr1 KO mice. Although a number of studies have demonstrated alterations in long-term synaptic plasticity of excitatory synapses in both acute hippocampal and neocortical slices from Fmr1 KO mice, alterations in baseline synaptic function (assessed with extracellular stimulation) were not detected (Desai et al. 2006; Huber et al. 2002; Larson et al. 2005; Li et al. 2002; Wilson and Cox 2007; Zhao et al. 2005) . Such "baseline" alterations have been reported in the form of spine shape and density in both patients and Fmr1 mice (Grossman et al. 2006) , inhibitory and excitatory neuron synapse markers in Fmr1 KO mice (El Idrissi et al. 2005; Gantois et al. 2006; Li et al. 2002; Selby et al. 2007) , and excitatory synapse alterations in cultured hippocampal neurons (Braun and Segal 2000; Hanson and Madison 2007; Pfeiffer and Huber 2007) . One very recent report has observed baseline alterations in functional connectivity between layer 4 and layer 2/3 excitatory neurons in the Fmr1 KO, but these disappear by 3 wk of age (Bureau et al. 2008) . Therefore it remains unknown if a more persistent deficit in synaptic function exists, and nothing is known about synaptic function onto inhibitory neurons in Fmr1 KO mice.
To better understand FXS, it is important to make a link between electrophysiological alterations at the synaptic and cellular level to alterations in local network function. Such links represent the first step in understanding how cellular alterations relate to the complex neurological symptoms in FXS. One epilepsy paradigm has revealed a plasticity phenomenon where hippocampal networks become more excitable in Fmr1 KO mice (Chuang et al. 2005) . However, it is unknown if "baseline" network function under less pathological conditions is altered in Fmr1 KO mice.
We evaluated the local neocortical synaptic connectivity, membrane excitability, and network function under physiological conditions in acute slices from Fmr1 KO mice. In summary, we find alterations consistent with, and that likely lead to, hyperexcitability of neocortical circuits. Furthermore, network synchrony is altered. These findings provide evidence for circuit level alterations underlying neurological deficits associated with FXS and autism.
M E T H O D S

Animals
Animals were all first generation male hybrids obtained by crossing FVB wild-type males and C57Bl/6 heterozygous Fmr1 KO females. Fmr1 KO mice were maintained as a congenic strain on the C57Bl/6 background (Bakker 1994) , and FVB mice were the GIN strain (Jackson Laboratories) (Oliva et al. 2000) . The GIN strain expresses GFP in a subset of somatostatin-positive (Somϩ) inhibitory neurons.
Cell identification
Layer 4 fast-spiking (FS) inhibitory neurons and regular spiking excitatory neurons were reliably identified based on firing and synaptic properties (supplementary methods 1 ) (Cauli et al. 1997; Connors and Gutnick 1990; Gibson et al. 1999) . Most layer 4 excitatory neurons were probably spiny stellate because we targeted smaller, nonpyramidal neurons. When performing morphological measurements on excitatory neurons, 12/14 cells in WT mice and 13/16 in KO mice displayed spiny stellate cell morphology confirming that our excitatory neurons were mostly this type. For layer 2/3 recordings, Somϩ neurons were identified by GFP fluorescence and pyramidal neurons by morphology and firing properties.
Electrophysiology
Acute thalamocortical slices were prepared as previously described (Agmon and Connors 1991) . Briefly, animals were anesthetized with Euthasol (pentobarbital sodium and phenytoin sodium solution; 2 wk of age) or ketamine (3 and 4 wk of age) and the brain removed following protocols approved by the University of Texas Southwestern. Slices were cut at ϳ4°C in dissection buffer, placed in normal artificial cerebrospinal fluid (ACSF) at 35°C for 30 min, and slowly cooled to 21°C over the next 45 min. All whole cell recordings were performed in either layer 4 or layer 2/3 of the barrel field in somatosensory cortex. Each recording began with a capacitance measurement and usually a brief examination of action potential firing in response to 600-ms current steps of increasing amplitude. Input resistance and series resistance were constantly monitored (supplementary methods). All data were collected and analyzed using Labview software (National Instruments). Transillumination of the slice under low power, DIC optics allowed us to visualize barrels (Figs. 1 and 7) and reliably confirm that recordings were within a single barrel (Agmon and Connors 1991; Finnerty et al. 1999 ).
Electrophysiological solutions
ACSF contained (in mM) 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 26 NaHCO 3 , 25 dextrose, and 2 CaCl 2 . For UP state experiments, ACSF was altered to better mimic interstitial fluid ionic concentrations in brain (Sanchez-Vives and McCormick 2000; Yamaguchi 1986; Zhang et al. 1990 ) and contained (in mM): 126 NaCl, 4 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 26 NaHCO 3 , 25 dextrose, and 1 CaCl 2 . All slices were prepared in a sucrose dissection buffer as follows (in mM): 75 sucrose, 87 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 7 MgSO 4 , 26 NaHCO 3 , 20 dextrose, and 0.5 CaCl 2 . All solutions were pH 7.4. ACSF was saturated with 95% O 2 -5% CO 2 . The following pipette solution was used (in mM): 130 K-gluconate, 6 KCl, 3 NaCl, 10 HEPES, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, and 10 sucrose (pH 7.25, 290 mosM); for UP state experiments, pipette solution contained the following (in mM): 125 Cs-gluconate, 16 CsCl, 10 NaCl, 10 HEPES, 2.5 bis-(o-aminophenoxy)-N,N,NЈ,NЈ-tetraacetic acid (BAPTA), 4 ATP-Mg, 0.3 GTP-Tris, 14 phosphocreatine-Tris, 10 sucrose, 2 QX-314-Cl, and 10 TEA (pH 7.25, 290 mosM); Measured junction potentials were ϳ9 and ϳ10 mV, respectively.
Unitary postsynaptic currents (PSCs)
In 300 m slices obtained from 2-wk (P14-16)-and 4-wk (P25-P31)-old animals, recordings were performed at 21°C using K-gluconate pipette solution. Holding potential was always Ϫ65 and Ϫ55 mV for excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs), respectively. Presynaptic action potential (AP) trains were eight and four pulses long for FS/Exc and Exc/Exc pairs, respectively (20-Hz train, applied every 8 s). Presynaptic APs were evoked in voltage clamp by a ϩ15to ϩ30-mV step for 8 ms. Even though the presynaptic cell is voltage clamped, APs still occur because they cannot be clamped in the axon. Therefore the term "action current" more accurately describes the presynaptic traces presented in the figures. Unless stated otherwise, PSC amplitude was based on the first PSC in the train (i.e., EPSC 1 ). A potential unitary connection was considered connected if the average response (based on 25-45 traces) was Ͼ2 pA. For short-term plasticity and PSC duration analysis, PSC amplitude met the following criteria (in pA: Ex3 FS, Ͼ14; FS3 Ex, Ͼ12; Ex3 Ex, Ͼ9; Ex3 Som, Ͼ10; Som3 Ex, Ͼ2). Short-term plasticity was quantified with an index (STP index) that was PSC1/average(PSC7,PSC8). For Ex3 Som, the STP index was average(EPSC1,EPSC2)/average(EPSC7,EPSC8). The "minimal stimulation" protocol applied to thalamic afferents ( Fig. 3 ) was performed as previously described (Gibson et al. 1999 ) (supplemental methods). See Supplemental Figs. S1-S3 for details of miniature PSC and coefficient of variation analysis. Somϩ/Exc pairs were only examined at 2 wk of age.
UP states
In 350-m slices obtained from 3-wk (P19-23)-old animals, simultaneous recordings were performed at 32°C using Cs-gluconate pipette solution. UP states were evoked through stimulation of thalamic afferents with a one-to three-pulse train (40 Hz) using a concentric bipolar electrode (FHC, No. CBBRC75). Thalamic axons were stimulated in the thalamus itself, in the reticular nucleus, and in the internal capsule. Our sample is roughly divided equally among these. Only recordings in which UP states of which had an average duration Ͼ100 ms were used for analysis. The onset of an UP state was detected when the amplitude surpassed a threshold in a 100-ms window (thresholds were 100 and 25 pA, for IPSCs and EPSCs, respectively). The end of the UP state was defined by when amplitude decreased back below threshold for Ͼ300 ms. The duration of UP states were based on IPSCs. Durations, correlations, power spectra, and amplitude measurements were usually averaged from about five independent traces. The amplitude of PSC barrages was the average amplitude of the barrage during the first 400 ms of the UP state with respect to baseline measured outside of the UP state. Correlations were normalized by dividing the raw correlation by the product of the SD of each trace (Deans et al. 2000) . Frequency components and correlations were derived after applying a 20-to 100-Hz band-pass filter (FIR Windowed, 501 taps, Labview). We examined only this frequency range because at frequencies Ͻ20 Hz, only approximately four or fewer cycles occur in the shorter UP states of the WT mouse (many were ϳ400 ms-the minimum allowed in the correlation analysis). Hence the analysis becomes less reliable at these lower frequencies. All timing analysis was performed on pairs with inhibitory current correlation Ͼ0.5, and correlation "width" was the width of the peak in the correlation function measured at 2/3 peak height. The "offset" of the correlation was the location of the peak in the correlation function. Whitney). A 2 test was applied to determine changes in the percent of connected pairs, and a Fisher's exact P value was used to determine significance. For unitary PSC (percent connected and excitatory drive) and UP state correlation data, sample number (n) is the total number of recorded pairs. For PSC amplitude data, the n represents the number of connected cell pairs. All data presented in the following order: WT, KO.
R E S U L T S
Local excitation of layer 4 fast-spiking inhibitory neurons is substantially decreased in the Fmr1 KO
To determine how local unitary connections are altered in the Fmr1 KO mouse, we performed simultaneous, paired whole cell recordings of layer 4 neurons in slices of somatosensory neocortex. Recorded neurons were located in the cytoarchitectonic barrel hollows (Fig. 1B) . The synaptic connection frequency and strength between cell pairs were measured by recording PSCs in the postsynaptic neuron evoked in response to a train of action potentials elicited in neighboring presynaptic neurons (Ͻ20 m intercellular distance; Fig. 1A ).
Connections of this type are called "unitary." Even though the presynaptic cell is voltage clamped, APs still occur because they cannot be clamped in the axon. The term "action current" may more accurately describe the actual presynaptic traces, but we retain the AP label in the figures.
We first examined inhibitory circuitry by recording from pairs of FS inhibitory and regular-spiking excitatory neurons at 2 wk of age (Connors and Gutnick 1990) . The frequency of observing EPSCs onto FS neurons was decreased in the KO (connection frequency, Fig. 1C ; 83 vs. 60%, P Ͻ 0.03). Moreover, when there was a connection, the strength of the connection (amplitude of the 1st EPSC in the train; EPSC 1 ) was decreased ( Fig. 1D ; 32.9 Ϯ 3.6 vs. 22.1 Ϯ 3.3 pA, P Ͻ 0.03). Taking account of both the connection frequency and strength, we calculated the overall local excitatory drive that FS neurons receive by averaging the EPSC amplitudes for both connected and nonconnected cell pairs (0 pA amplitude). Using this measure, the excitatory synaptic drive of FS neurons was reduced by 51% in the KO as shown in the cumulative distributions of EPSC amplitude ( Fig. 1E ) and group averages ( Fig. 1F ; 27.3 Ϯ 3.6 vs. 13.2 Ϯ 2.5 pA, P Ͻ 0.002). Short-term plasticity was unaltered (STP index, see METHODS) suggesting that the decrement occurs over a range of firing frequencies and is likely not a result of decreased presynaptic release probability ( Fig. 1G ) (Watanabe et al. 2005) . No change in EPSC duration was observed ( Supplementary Table S1 ). In summary, local excitation onto layer 4 inhibitory neurons is dramatically reduced in a frequency-independent manner in the Fmr1 KO mouse.
Assuming a random targeting of local excitatory synapses onto FS neurons, the decrease in the frequency of unitary connections (Fig. 1C ) suggests the decrease in excitatory drive may be largely due to a decrease in synaptic number. To determine if the number of excitatory functional synapses on FS neurons was decreased, we measured both the miniature EPSCs number of total cell pairs tested (n) is indicated in each bar; 34/41 and 31/52, connected/total tested]. D: when a connection existed, average amplitude of EPSC 1 (1st EPSC in a train) was significantly decreased in the KO. Number of connected cell pairs (n) is indicated in each bar. E: cumulative distribution of amplitudes, including "nonconnected" pairs (0 pA), from wild-type (WT, black) and KO (gray) mice. F: excitatory drive, the average of both connected and nonconnected pairs, is reduced by 51%. Number of total cell pairs tested (n) is indicated in each bar. G: no change in short-term plasticity of EPSCs was observed (n ϭ 22,16 connected pairs; quantified by an STP index as described in METHODS). Each EPSC in the train is normalized to EPSC 1 . *P Ͻ 0.03, **P Ͻ 0.005. Sample numbers as described in the preceding text apply to similar graphs in subsequent figures. See METHODS for statistics used.
in FS neurons. However, all these measurements were unchanged (Supplementary Figs. S1 and S2). The lack of change in mEPSC frequency is inconsistent with a global decrease in synapse number. Possible reasons for the lack of any mEPSC change are presented later (see DISCUSSION) . The lack of change in CV suggests quantal size may be decreased. Therefore the underlying synaptic mechanism for the decreased drive may involve both synapse number and postsynaptic efficacy decreases, but this remains unclear.
To determine if the impairment in inhibitory circuitry persists in mature mice or is simply due to a developmental delay in synapse formation, we repeated these experiments in slices from older (adolescent; 4 wk) mice. As observed in young KO mice, the excitatory drive targeting FS neurons was decreased by 48% ( Fig. 2E ; 36.3 Ϯ 8.8 vs. 18.8 Ϯ 3.8 pA, P Ͻ 0.04). However, unlike that measured at 2 wk, connection frequency was not detectably different ( Fig. 2B ), indicating that the major contributor to the excitatory drive deficit in adolescent mice was due to a decrease in EPSC amplitude among existing connections ( Fig. 2C ; 49.8 Ϯ 11.6 vs. 29.3 Ϯ 5.2 pA, P Ͻ 0.04). Again no change was observed in short-term plasticity ( Fig. 2F ) or EPSC duration ( Supplementary Table S2 ). Therefore, the impaired excitation onto FS neurons in Fmr1 KO mice remains just as severe at this later developmental stage and therefore may be a possible substrate for behavioral and cognitive deficits in mature KO mice and human patients.
Specificity of the excitation impairment of FS inhibitory neurons
We next tested whether this impaired excitation of FS neurons is specific for locally derived cortical excitatory inputs. FS neurons receive widespread, strong input from the thalamus (Gibson et al. 1999; Sun et al. 2006) . Because our slice preparation preserved thalamic afferents, this provided another well-isolated excitatory pathway to examine specificity. Using a "minimal stimulation" protocol to evoke putative unitary EPSPs from individual thalamocortical axons in 2-wkold animals (METHODS), we found no difference in thalamically evoked EPSPs onto FS neurons between wild-type (WT) and KO animals, suggesting that the unitary connection strength in this pathway was unaltered ( Fig. 3 ). This result is in contrast to the decrease in EPSC amplitude observed for local cortical afferents ( Fig. 1D) , indicating that the decrement in excitatory synaptic strength in the Fmr1 KO may be pathway specific and confined to local neuron networks. We were not able to examine connection frequency of thalamic afferents and thus cannot rule out the possibility that excitation is somehow altered in this pathway.
While excitatory drive onto FS neurons was decreased, there was no detectable change in the IPSCs provided by FS neurons onto neighboring excitatory neurons ( Fig. 4) . Connection frequency and IPSC amplitude were both unaltered at 2 wk (88 vs. 77%, P ϭ 0.28; 17.1 Ϯ 3.7 vs. 15.0 Ϯ 2.3 pA, P ϭ 0.84) and at 4 wk (77 vs. 75%, P ϭ 0.84; 15.3 Ϯ 2.0 vs. 18.7 Ϯ 2.5 pA, P ϭ 0.39). Consequently, no change in inhibitory drive was detected ( Fig. 4B ; 2 wk, P ϭ 0.50; 4 wk, P ϭ 0.71). Furthermore, there were no changes in short-term plasticity ( Fig. 4C ) or IPSC duration ( Supplementary Table S1 , II). These data together with our findings of normal thalamic input to these cells suggest that "feedforward" inhibition is normal. In contrast, the deficit in local excitation onto FS neurons (Figs. 1 and 2) would be predicted to impair disynaptic "feedback" inhibition in Fmr1 KO mice.
To determine whether the local excitation impairment is specific to inhibitory neurons, we examined synaptic connectivity and strength among neighboring excitatory neurons ( Fig. 5 ). We found that local excitation onto excitatory neurons was also decreased but to a smaller extent compared with FS inhibitory neurons. Connection frequency was not detectably altered at either 2 or 4 wk of age ( Fig. 5B ; 2 wk, 40 vs. 30%, P ϭ 0.11; 4 wk, 31 vs. 24%, P ϭ 0.25), but there was a trend toward a decreased connection frequency in the KO at each age. When data were pooled together from the two ages, a small (25%), but significant decrease in connection frequency was observed in the KO (Fig. 5C ; 36 vs. 27%, P Ͻ 0.04; see supplementary methods for pooling justification). Unlike FS neurons, there was no change in EPSC amplitude at either 2 wk (8.6 Ϯ 1.1 vs. 8.3 Ϯ 1.1 pA, P ϭ 0.73) or 4 wk (9.8 Ϯ 1.4 vs. 11.8 Ϯ 1.9 pA, P ϭ 0.38), or when data from the two ages were pooled ( Table S1 , II). Like FS neurons, there were no changes in mEPSCs ( Supplementary Fig. S3 , 2 wks).
In conclusion, the decrease in excitatory drive is greater at FS inhibitory neurons compared with excitatory neurons, suggesting that inhibition is more severely compromised in the KO.
We also examined unitary synaptic connections to and from another inhibitory neuron subtype-those positive for somatostatin (Somϩ). We performed simultaneous recordings of Somϩ inhibitory neurons (identified by GFP expression) (Oliva et al. 2000) and pyramidal neurons (Fig. 5, G and H) . Recordings were performed in layer 2/3 because most of the Somϩ/GFP-expressing neurons were in this layer. Unlike FS inhibitory neurons, all EPSCs targeting Somϩ neurons were extremely facilitating during a 20-Hz stimulus train (Fig. 5G ) indicative of the Somϩ inhibitory subtype (Reyes et al. 1998 ). Because EPSC 1 was not readily detected, we examined the large EPSC 8 . Unlike layer 4 FS neurons, we found no detectable alterations in unitary excitation of Somϩ neurons as observed for excitatory drive (Fig. 5H; 12. 2 Ϯ 1.8 vs. 9.3 Ϯ 1.6 pA, P ϭ 0.46). In further contrast to FS neurons, unitary IPSCs mediated by somatostatin-positive neurons actually increased in the KO (Fig. 5H; 3 .7 Ϯ 0.6 vs. 5.0 Ϯ 0.7 pA, P Ͻ 0.03). No change in short-term plasticity or response kinetics was observed for either synapse. Therefore somatostatin-mediated inhibition is relatively unchanged or even slightly enhanced in the KO. While inhibitory neuron identity is confounded with cortical layer in this comparison, it remains clear that that the changes in layer 4 FS circuitry do not represent a global deficit in all neocortical inhibitory neurons.
Layer 4 excitatory neurons are intrinsically more excitable
To further understand possible effects of cellular changes on network function, we also determined whether membrane properties of individual neuron types were altered. In excitatory neurons, intrinsic membrane excitability was increased at both experimental ages (Fig. 6) . Specifically, they fired more action potentials for a given 600-ms current injection (Fig. 6A) .
When data were averaged and plotted as number of APs versus current injection, KO neurons fired 20 and 36% more APs at 2 and 4 wk, respectively ( Fig. 6B ; 2 wk: P Ͻ 0.04, n ϭ 61, 70; 4 wk: P Ͻ 0.0009; n ϭ 103, 102; repeated-measures ANOVA). Similarly, the minimum current step required to evoke an action potential was decreased in the KO at 4 wk of age ( Fig.  6C ; current steps were too large to examine this at 2 wk). This excitability alteration is probably due in part to increases in input resistance and decreases in cell capacitance in Fmr1 KO mice ( Fig. 6D; Supplementary Table S1 , II). However, these membrane changes were not associated with any significant changes in overall dendritic length or branching (Supplementary Fig. S4) .
In contrast, there were no significant changes in membrane excitability or firing properties of FS neurons including action potential width. The latter is significant because FMRP binds with high affinity to the mRNA for the voltage-dependent potassium channel, Kv3.1, which is highly expressed in FS neurons and regulates action potential width (Darnell et al. Table S1 , II and Supplementary Fig. S5 ).
UP states are altered in a manner consistent with hyperexcitable circuitry
FS neurons are mostly parvalbumin-positive (Cauli et al. 1997) and comprise ϳ50% of all inhibitory neurons in neocortex (Gonchar and Burkhalter 1997) . Therefore the impairment in FS-mediated disynaptic inhibition or the increase in the membrane excitability of excitatory neurons, or both, would be expected to increase the excitability of neocortical networks. To test this hypothesis, we examined persistent activity, or "UP" states, in slices from WT and KO mice. UP states refer to short periods of local network activity that generate a steady-state level of depolarization and synchronous firing among groups of neighboring neurons (Sanchez-Vives and McCormick 2000; Steriade et al. 1993 ). The periodic reoccurrence of UP states in some preparations most closely resembles cortical rhythmic states during relaxed behavioral states and sleep, but they have also been speculated to tap into mechanisms involving short-term memory and attentional states (Cossart et al. 2003; Sanchez-Vives and McCormick 2000) . Importantly here, UP states are generated within neocortex through a precise balance of feedback excitation and feedback A: examples of EPSCs targeting layer 4 excitatory neurons in slices obtained from 2-wk-old animals. Scale bars: 1,000 and 10 pA, 50 ms. B: connection frequency was not detectably different at either 2 or 4 wk of age but showed a similar trend. C: connection frequency is decreased in the Fmr1 KO when 2 and 4 wk data are pooled. D: no detectable change in amplitude with pooled data (shown) and unpooled data (not shown). E: excitatory drive is decreased in the KO. F: no change in short-term plasticity with both pooled (not shown) and unpooled data (for 2 wk: n ϭ 20,15; for 4 wk, n ϭ 16,16). Short-term plasticity was dependent on age (P Ͻ 0.01). G: example of EPSCs in a WT somatostatin-positive (Somϩ) inhibitory neuron evoked by a 20-Hz train of action potentials in a presynaptic pyramidal neuron. APs are not shown. Scale bars: 10 pA, 100 ms. H: no difference in local excitatory drive targeting Somϩ neurons was detected (left, based on EPSC 8 ), but there was an increase in inhibitory drive provided by Somϩ neurons (right). *P Ͻ 0.05. inhibition. Because we hypothesize that this balance is shifted to more excitation, we predicted to observe greater synaptic excitation during UP states or increased duration of UP states.
We used extracellular stimulation of thalamocortical afferents to reliably evoke UP states (MacLean et al. 2005; Rigas and Castro-Alamancos 2007) (Fig. 7A) . UP states were recorded in layer 4 excitatory neurons in the form of maintained barrages of PSCs. Synaptic currents observed at Ϫ60 and ϩ10 mV were predominantly EPSCs and IPSCs, respectively, due to measured reversal potentials. The persistent activity evoked in this paradigm was indeed an UP state (see supplementary methods). While UP states were evoked with the same stimuli (1-3 pulse train at 40 Hz) in both WT and Fmr1 KO slices, UP state duration was increased almost twofold in the Fmr1 KO ( Fig. 7C ; 487 Ϯ 47 vs. 958 Ϯ 80 ms, P Ͻ 0.0001) consistent with greater circuit excitability.
To determine if the extended UP states in the KO are due to altered synaptic drive, we measured the average amplitude of PSC barrages at Ϫ60 and ϩ10 mV during the first 400 ms of the UP state (Fig. 7D) . Measurements in this time epoch allowed sufficient data to be analyzed from WT animals. PSC amplitudes were normal in the KO. From this data, we calculated an EPSC/IPSC amplitude ratio (E/I ratio) for each cell, and again, this was not detectably different between genotypes (Fig. 7E) . In summary, it was surprising no changes in PSC amplitude were observed, and the exact relationship between our observed cellular changes and longer UP state duration remain unclear (see DISCUSSION) , but at the very least, both sets of data are consistent with hyperexcitability in network function.
Feedforward inhibition is unaltered in the KO
Because thalamically evoked EPSPs targeting FS neurons and monosynaptic unitary IPSCs supplied by FS neurons are normal in the Fmr1 KO ( Figs. 3 and 5 ), this predicts that both the threshold for evoking an UP state and feedforward inhibition would be unchanged as well. Indeed there was no detectable difference in threshold stimulation applied to thalamic axons to evoke an UP state ( Supplementary Fig.  S6 ). To measure feedforward inhibition, we examined disynaptic IPSCs evoked by thalamic stimulation when no UP state was evoked. There was no change in the threshold stimulation strength nor in IPSC amplitude observed at threshold ( Supplementary Fig. S7; n ϭ 60, 57 ; minimal stimulation protocol not used).
Synchrony is altered during UP states
In addition to controlling levels of activity, inhibitory neuron circuits are thought to synchronize action potential firing among cortical neurons during UP states (Hasenstaub et al. 2005) . Evidence indicates that the FS subtype is the best candidate to mediate this synchrony (Galarreta and Hestrin 2001; Gibson et al. 2005; Hasenstaub et al. 2005) . Based on previous studies, the decrease in excitatory drive onto FS neurons that we found in the KO would be predicted to reduce synchrony in inhibitory circuits (Fuchs et al. 2007) . To determine if this was the case, we performed a cross-correlation analysis of IPSCs between simultaneously recorded excitatory neurons of varying distance within the same barrel (Fig. 8) .
Correlations were performed on the first 400 ms of the UP state. We analyzed currents in the 20-to 100-Hz frequency range, which is thought to largely reflect FS inhibitory neuron activity (Hasenstaub et al. 2005 ) (also see METHODS for reasons only examining this range). Cross-correlation peak amplitudes were relatively unchanged at various distances across the barrel in the WT (Fig. 8D) . Consistent with altered FS inhibitory circuitry, IPSCs were less synchronous in the Fmr1 KO. The cross-correlation peak amplitude averaged across all inter-cell distances was decreased by 13% in the Fmr1 KO ( Fig. 8E ; 0.87 Ϯ 0.01 vs. 0.76 Ϯ 0.04, P Ͻ 0.004; Fig. 8D ). Correlation was reduced to a similar extent when the last 400 ms of UP states were examined (data not shown). Therefore synchrony of IPSCs was clearly impaired over the duration of the UP state. Moreover, when we restricted our analysis to the gamma frequency range (30 -80 Hz), we observed a 14% decrease in cross-correlation peak amplitude in the KO (0.88 Ϯ 0.01 vs. 0.76 Ϯ 0.04, P Ͻ 0.01; n ϭ 21,18, 1st 400 ms). In contrast, no detectable change in correlation was observed for EPSCs measured at Ϫ60 mV ( Supplementary Fig. S8 ), but this signal was smaller and weakly correlated in both genotypes (Hasenstaub et al. 2005) .
While the amount of synchrony was decreased for IPSCs during UP states, the timing of this synchrony was not affected. Both correlation width and offset were unaltered in the KO (width: 4.8 Ϯ 0.08 vs. 4.7 Ϯ 0.07 ms, P ϭ 0.83; offset: 0.14 Ϯ 0.02 vs. 0.22 Ϯ 0.06 ms, P ϭ 0.38; n ϭ 25,17; see METHODS for width and offset definitions). Remarkably, the submillisecond offset indicates that the IPSC synchrony was practically instantaneous, and this changed little for the longest distances within a barrel ( Supplementary Fig. S9 ). We also measured the correlation between EPSCs measured in one cell and IPSCs measured in another. These signals were inversely correlated with a slight offset indicating a submillisecond delay in the IPSC signal. They were unchanged in the KO (offset: 0.67 Ϯ 0.07 vs. 0.67 Ϯ 0.1 ms, P ϭ 0.92; n ϭ 27, 24). dicted to contribute to cognitive disorders such as autism (Rubenstein and Merzenich 2003; Uhlhaas and Singer 2006) , but data to support these hypotheses are limited. Here we report profound alterations in neocortical layer 4 in the Fmr1 KO mouse at the synaptic, cellular, and network levels. First, decreases in connectivity frequency and strength result in an approximate 50% decrease in excitatory drive onto FS inhibitory neurons. Second, excitatory neurons become intrinsically more excitable in the KO. Overall, these changes would be expected to lead to hyperexcitable circuits; this was confirmed by our finding that UP state duration is doubled in Fmr1 KO mice. Consistent with impaired FS inhibitory circuitry, network synchrony within a single cortical column during the UP state is decreased. The persistence of the inhibitory circuitry and intrinsic excitability deficits at later developmental stages (4 wk of age) indicates that they are correlated with the onset and persistence of cognitive and behavioral dysfunction in FXS (Kau et al. 2002; Rogers et al. 2001) .
Circuit hyperexcitability in Fmr1 KO mice
While no change was detected for monosynaptic inhibition provided by FS neurons, the ϳ50% decrease in excitatory drive onto FS neurons suggests that local disynaptic inhibition, or feedback inhibition, mediated by FS neurons is dramatically reduced. FS neurons strongly influence circuit function because they comprise approximately ϳ50% of all inhibitory neurons and control action potential firing of excitatory neurons due to the targeting of their output to the soma and proximal dendrites (Gonchar and Burkhalter 1997; Miles et al. 1996; Somogyi et al. 1998) . Feedback inhibition mediated by Somϩ neurons was not decreased, indicating that any hyperexcitability in circuitry selectively involves FS neurons. Because the decrease in excitatory drive is greater at FS inhibitory neurons compared with excitatory neurons, the ratio of recurrent excitation to FS-mediated feedback inhibition may be effectively increased. This ratio is further enhanced by increased membrane excitability of excitatory neurons and perhaps by a previously reported decrease in the density of Parvalbuminϩ neurons in layer 4 (Ͼ50%) (Selby et al. 2007 ). Consequently, net recurrent excitation may be increased resulting in a hyperexcitable network. If we consider UP states as a readout of recurrent excitation, prolonged UP states (Fig. 7) reflect this hyperexcitability. A shift to favor recurrent excitation is also consistent with epilepsy and EEG abnormalities associated with FXS (Berry-Kravis 2002; Incorpora et al. 2002; Musumeci et al. 1999) . More experiments that directly examine epilepsy and the EEG in Fmr1 KO mice will be needed to provide a stronger link.
Circuit hyperexcitability: link to FXS
FXS patients display hypersensitivity to sensory stimuli from many different modalities (Castren et al. 2003; Hagerman et al. 1991; Miller et al. 1999; Rojas et al. 2001) . Similarly, altered auditory prepulse inhibition, increased startle, and audiogenic seizures in the Fmr1 KO mouse also suggest neural sensory responses are augmented (Berry-Kravis 2002; Chen and Toth 2001; Frankland et al. 2004; Nielsen et al. 2002; Spencer et al. 2006 ). The fact that prolonged UP states are evoked by thalamic axon activation-the primary projection for sensory input into neocortex-suggests our experiments may mimic some aspects of sensory stimulus hypersensitivity. Therefore our data implicate the thalamocortical pathway in sensory hypersensitivity and, more specifically, an impaired balance of excitation and inhibition in neocortical layer 4. UP states may also occur independently of sensory input and may amplify sensory input by some independent process such as attention (Haider et al. 2007; Rosanova and Timofeev 2005) . Consequently, their longer duration in KO mice may increase the likelihood of enhanced responses.
Because UP states in cortical slices maintained in interface chambers occur spontaneously at a slow rate (Ͻ1 Hz) and all neurons in a cortical region appear to enter UP states simultaneously, this process in acute slices is hypothesized to be related to the synchronized activity of cortical neurons mediating slow oscillations during quiescence or sleep (Crochet and Petersen 2006; Rigas and Castro-Alamancos 2007; Sanchez-Vives and McCormick 2000; Steriade 1997) . Interestingly, lower-frequency components of the EEG are enhanced in 20 -50% of FXS patients (Sabaratnam et al. 2001 ), but because we have not measured the spontaneous occurrence of UP states in this study, it is difficult to determine how the longer UP states we observe relate to this abnormal EEG. Slow oscillations during sleep have been implicated in memory consolidation (Marshall et al. 2006) . Therefore if our observations of altered UP states underlie possible changes in slow oscillations, they could be related to cognitive disabilities in FXS patients.
Ultimately, the changes in excitability and UP state properties may have many effects. Abnormal layer 4 processing of sensory input or reduced FS-mediated inhibition in Fmr1 KO mice may impede normal sensory-driven maturation of cortical circuits as well as sensory processing in the adult (Hensch 2005; Miller et al. 2001 ). And, assuming our observed changes in layer 4 of primary somatosensory cortex also occur in other layers and in higher order neocortical regions, they could greatly contribute to the cognitive and behavioral deficits in FXS.
Excitatory synaptic deficits in FXS
The first suggestion that FXS may have a synaptic etiology came from findings of elevated and elongated dendritic spines on layer 5 neocortical neurons in both FXS patients and adult Fmr1 KO mice (reviewed in Grossman et al. 2006 ). Here we observed a large decrease in evoked excitatory synaptic connectivity onto FS inhibitory neurons that are mostly aspiny (sometimes "sparsely" spiny) and practically all excitatory synapses target their dendritic shafts (Connors and Gutnick 1990; Keller and White 1987) . Importantly, this indicates that FMRP may regulate synaptic function and development independent of spine number and structure.
Recent work in cultured hippocampal slices have reported altered excitatory synaptic function as a result of FMRP deletion (Hanson and Madison 2007; Pfeiffer and Huber 2007 Wilson and Cox 2007; Zhao et al. 2005) , but a recent study mapping layer 4 excitation of layer 2/3 excitatory neurons did observe a transient deficit that disappeared at 3 wk of age (Bureau et al. 2008 ). Here we observed robust changes in excitatory synaptic function onto FS inhibitory neurons and in excitability of excitatory neurons that persist until at least 4 wk of age.
The effects we observe may be due to a cell autonomous function of FMRP in neocortical neurons or a secondary consequence as a result of loss of FMRP in other brain regions. Excitatory cortical neurons as well as parvalbumin-positive inhibitory neurons (the likely biochemical type of most FS cells in this study) express Fmr1 mRNA and FMRP (Feng et al. 1997; Irwin et al. 2000; Sugino et al. 2006 ) (http://mouse. bio.brandeis.edu/) (our unpublished observations), suggesting that FMRP may function directly in either excitatory and/or inhibitory neocortical neurons to regulate synaptic connectivity. Several studies have implicated postsynaptic FMRP in synapse elimination (Pan et al. 2004; Pfeiffer and Huber 2007; Zhang et al. 2001) . The site of FMRP function in relation to our data are unresolved, but our results are consistent with another study using paired recordings of CA3 neurons in cultured slices that reported a decrease in synaptic connectivity with presynaptic deletion of Fmr1 (Hanson and Madison 2007) . Therefore FMRP appears to regulate multiple synaptic parameters that may depend on cell type, developmental age, or the synaptic locus of FMRP expression.
Acute expression of FMRP can control excitatory synapse number (Pfeiffer and Huber 2007) . The observed decrease in connectivity frequency without any detectable changes in short-term plasticity (Fig. 1, C and G) suggests that there are fewer synapses mediating local excitation of FS neurons in the KO but that the remaining synapses have normal presynaptic release probability (Watanabe et al. 2005) . However, the fact that mEPSC frequency was unchanged suggests that there was not an overall decrease in excitatory synapse number. Synaptic inputs originating from more distant cells may elaborate to maintain a sufficient synapse number on FS neurons and may obscure the contribution of local synaptic connections to mEPSCs. Alternatively, there could be a specific deficit in evoked synaptic transmission which occurs independently of changes in spontaneous synaptic transmission (Calakos et al. 2004; Geppert et al. 1994; Sara et al. 2005) . We were unable to detect changes in CV, suggesting that decreased quantal amplitude may underlie the decrease in excitatory drive onto FS neurons, but this is not consistent with either the decrease in connection frequency (Figs. 1C and 2B) or the lack of change in mEPSC amplitude. Our CV measure may have been compromised by the high rate of spontaneous EPSCs known to occur in FS neurons (Galarreta and Hestrin 1999) . Therefore the synaptic basis for the decrease in drive remains unclear.
Circuit mechanisms of altered UP states in the Fmr1 KO
Inhibitory synaptic currents during UP states were less synchronous between neurons in the KO, which is likely due to the observed decrease in excitation of FS neurons (Figs. 1, 2,  and 8 ). FS neurons are thought to be the main mediators of inhibitory input in the gamma frequency range that we measured during UP states (Fuchs et al. 2007; Hasenstaub et al. 2005; Whittington and Traub 2003) . Previous reports have shown that the excitation of FS neurons promotes network synchrony (Fuchs et al. 2007; Galarreta and Hestrin 2001; Traub et al. 1996) , and therefore decreased excitation of FS neurons would be expected to result in less gamma synchrony. Because we have not measured synchrony at other frequency ranges, it is unknown if the synchrony deficit is specific for the gamma range. Nevertheless, the observed 14% decrease in gamma synchrony is consistent with an excitation deficit at FS neurons.
Because UP states originate and are controlled within cortex (MacLean et al. 2005; Sanchez-Vives and McCormick 2000; Steriade 1997) , it is likely that the increased UP state duration observed in Fmr1 KO is due to intracortical mechanisms. In support of this assertion, we performed preliminary experiments in KO slices with the thalamus removed, and a similar trend toward longer UP states was observed (data not shown). However, because we did not observe robust differences in PSC amplitudes during UP states in Fmr1 KO mice (Fig. 7) , the contribution of altered synaptic drive to prolonged UP states remains unclear. One possibility for the lack of PSC amplitude changes is that decreases in IPSCs from FS neurons may be compensated by increased IPSC drive from other inhibitory neuron types, such as from Somϩ neurons (Fig.  5H ). While such compensation may increase IPSC amplitude, it may not provide the type of inhibition needed to stop action potential generation during the UP state. Another possibility for unaltered PSC amplitude changes is that the increased intrinsic excitability of excitatory neurons and the decreased unitary EPSCs among excitatory neurons may compensate for and offset the decrease in disynaptic inhibition provided by FS neurons, thereby homeostatically maintaining the appropriate PSC amplitude during the UP state.
It is possible that decreased FS-mediated IPSC synchrony could lead to prolonged UP states in KO neurons (Fig. 8) . With decreased inhibitory current synchrony, average network inhibition may be unchanged, but the instantaneous peaks in total network inhibition (hypothetically measured over many cells simultaneously) would be expected to decrease. As a result, in Fmr1 KO mice, the periodic maxima in network inhibition are not strong enough to stop the UP state until much later when network excitation has subsided. Experimental and theoretical evidence suggests that FS activity is involved in terminating UP states (Brunel and Wang 2001; Shu et al. 2003) .
Ultimately, because the cellular mechanisms that mediate UP states are not entirely understood even in WT cortex, additional experiments are required to determine the relationship between cellular and synaptic alterations and longer UP states in Fmr1 KO mice.
Relevance to autism
Because Յ30% of FXS patients are diagnosed with autism, Fmr1 KO mice may also be considered a genetic model for autism (Hagerman et al. 2005) . With this in mind, our results support the assertion that altered network synchrony may underlie certain aspects of autism (Uhlhaas and Singer 2006; ). Our results also support the idea that increases in the E/I ratio in cortex underlie the neurological deficits in many forms of autism (Rubenstein and Merzenich 2003) . Altered E/I ratios have also been reported in other animal models of autism such as the Rett Syndrome and neuroligin 3 mutation mouse models, but in contrast to Fmr1 KO, are decreased (Chubykin et al. 2007; Dani et al. 2005) . However, any change in the balance of excitation to inhibition may result in altered UP states or synchrony. It will be important to analyze such dynamic network properties in these autism models.
